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1. INTRODUCTION {#cas13655-sec-0001}
===============

Epigenetic regulation by DNA methylation, histone modifications, and non‐coding RNAs modulates gene expression without affecting DNA base sequences. Because aberrant DNA methylation or histone modifications are present in many malignant tumors, epigenetic dysregulation is considered a cause of tumor progression. Polycomb group (PcG) proteins regulate the expression of target genes by modulating histone modifications and are representative epigenetic regulators that maintain the "stemness" of embryonic and hematopoietic stem cells (HSC). Dysregulation of PcG proteins associated with mutations or gene overexpression is positively correlated with tumor progression in many hematological malignancies. In this review, we summarize the current knowledge of PcG proteins, focusing on the function of the histone methyltransferases enhancer of zeste homolog 1 and 2 (EZH1/2), which are subunits of polycomb repressive complexes (PRC), in hematological malignancies. In addition, we introduce novel therapeutic drugs for targeting these enzymes.

2. FUNCTION OF PRC {#cas13655-sec-0002}
==================

The basic structural unit of chromatin consists of DNA wrapped around histone proteins. Histone proteins have an N‐terminal region termed the histone tail, which undergoes various chemical modifications including acetylation, methylation, phosphorylation, and ubiquitination. These chemical modifications contribute to the regulation of target gene expression by modifying the spatial structure of chromatin. PcG proteins play an important role in maintaining the transcriptional repression of target genes.

PcG genes were first identified for their role in regulating the expression of homeotic genes, which control the body plan of embryos along the longitudinal axis and segmentation in *Drosophila*.[1](#cas13655-bib-0001){ref-type="ref"} PcG proteins form PRC in the nucleus. PRC are classified into PRC1 and PRC2 according to their biological characteristics. The core subunits of the mammalian PRC2 complex include EZH1/2, SUZ12, RbAp46/48, and EED. EZH1/2, which are histone methyltransferases, trimethylate histone H3 at lysine 27 (H3K27).[2](#cas13655-bib-0002){ref-type="ref"}, [3](#cas13655-bib-0003){ref-type="ref"} SUZ12 and EED activate methyltransferases and recruit PRC2 to the nucleosome, respectively.[4](#cas13655-bib-0004){ref-type="ref"}, [5](#cas13655-bib-0005){ref-type="ref"} The histone modification H3K27me3 represses target genes and mediates the recruitment of PRC1 to the nucleosome by serving as a docking site for the PRC1 component CBX (Figure [1](#cas13655-fig-0001){ref-type="fig"}A). PRC1 functions in transcriptional repression by catalyzing the monoubiquitination of histone H2A at lysine 119 (H2AK119). H2A ubiquitination blocks RNA polymerase II‐mediated transcriptional elongation.[6](#cas13655-bib-0006){ref-type="ref"} In addition, PRC1 induces chromatin condensation, which also contributes to the transcriptional repression of target genes. PRC1 complexes have 4 subunits, including Ring1A/B, CBX, PCGF, and PHC. Ring1A/B has ubiquitin ligase activity and ubiquitinates H2AK119.[7](#cas13655-bib-0007){ref-type="ref"} CBX is a chromodomain protein that recognizes H3K27me3 and recruits PRC1 to the nucleosome.[8](#cas13655-bib-0008){ref-type="ref"} PCGF (MEL18, BMI1) is a cofactor of Ring1A/B, and promotes its ubiquitin ligase activity.[9](#cas13655-bib-0009){ref-type="ref"} A non‐canonical PRC1 complex composed of RYBP and KDM2B, but not CBX, was recently identified and shown to target genes and ubiquitinate H2AK119 independently of PRC2 (Figure [1](#cas13655-fig-0001){ref-type="fig"}B).[10](#cas13655-bib-0010){ref-type="ref"}, [11](#cas13655-bib-0011){ref-type="ref"}, [12](#cas13655-bib-0012){ref-type="ref"} H2AK119ub1 recruits PRC2 to target genes and induces H3K27 trimethylation.[13](#cas13655-bib-0013){ref-type="ref"}, [14](#cas13655-bib-0014){ref-type="ref"} Canonical and non‐canonical PRC1 complexes have similar activity in the ubiquitination of H2A in a PRC2‐dependent or ‐independent method, resulting in the maintenance of gene silencing.

![Epigenetic regulation by polycomb group (PcG) complexes. Canonical and non‐canonical PRC1 ubiquitinate H2AK119 with or independently of PRC2, respectively, resulting in transcriptional repression. A, EZH1/2 trimethylates H3K27, and the recruitment of canonical PRC1 to target sites is mediated by the recognition of H3K27me3 by CBX, followed by PRC1 ubiquitination of H2AK119. B, Non‐canonical PRC1 ubiquitinates H2AK119 independently of PRC2. H2AK119ub1 then recruits PRC2 to target genes and induces the trimethylation of H3K27. EZH1/2, enhancer of zeste homolog 1 and 2; PRC, polycomb repressive complexes](CAS-109-2342-g001){#cas13655-fig-0001}

3. ROLES OF EZH1/2 IN HSC {#cas13655-sec-0003}
=========================

Polycomb complexes maintain the stemness of embryonic stem (ES) cells and HSC by repressing transcription through histone modifications. In ES cells, bivalent domains are formed at promoter sites of target genes through active and repressive histone modifications catalyzed by PRC1/2 and trithorax group (TrxG) complexes, respectively.[15](#cas13655-bib-0015){ref-type="ref"} These domains control gene expression associated with differentiation and cell cycle signaling, resulting in the regulation of ES cell differentiation. HSC have similar systems for regulating differentiation.[16](#cas13655-bib-0016){ref-type="ref"}

Analysis of genetically modified mice clarified the role of PcG proteins in HSC. Overexpression of Ezh2 preserves the reconstitution capacity of HSC, whereas normal HSC are rapidly exhausted after serial transplantation.[17](#cas13655-bib-0017){ref-type="ref"} *Ezh2* deficiency impairs expansion of HSC and progenitor cells in the fetal liver, resulting in lethality at early stages of mouse development.[18](#cas13655-bib-0018){ref-type="ref"} These findings indicate that Ezh2‐mediated stabilization of chromatin structure is important for the self‐renewal of HSC. Furthermore, inactivation of Ezh2 in fetal liver endothelium results in embryonic lethality with severe anemia despite normal emergence of functional HSC and overexpression of MMP‐9 which cell‐extrinsically depleted the membrane‐bound form of Kit ligand.[19](#cas13655-bib-0019){ref-type="ref"} These results indicate that modulation of epigenetic regulators in niche components can exert a marked cell‐extrinsic impact on hematopoiesis. However, *Ezh2* knock‐in mice develop myeloproliferative disease, suggesting that stem cell‐specific Ezh2 plays an oncogenic role in myeloid disorders.[20](#cas13655-bib-0020){ref-type="ref"}

Regarding the homolog Ezh1, analysis of *Ezh1*‐deficient mice shows the importance of Ezh1 in bone marrow (BM) HSC.[21](#cas13655-bib-0021){ref-type="ref"} *Ezh1* deficiency in the BM strongly induces a senescence response, leading to impairment of HSC. Deletion of *Cdkn2a* on the *Ezh1* null background rescues HSC proliferation ability, suggesting that Ezh1 maintains adult BM HSC by repressing Cdkn2a. *Ezh2* conditional knock‐out mice show dysregulation of T‐ and B‐cell development in the adult BM, whereas the function of HSC is not affected.[22](#cas13655-bib-0022){ref-type="ref"}, [23](#cas13655-bib-0023){ref-type="ref"}, [24](#cas13655-bib-0024){ref-type="ref"} Although H3K27me3 levels are markedly reduced in fetal liver cells of *Ezh2*‐deficient mice, they are mostly preserved in the adult BM, indicating that loss of Ezh2 is complemented by the homolog Ezh1 in adult BM cells. These results suggest that Ezh1 compensates for the loss of Ezh2 and that the 2 enzymes function together to maintain hematopoiesis.

4. ROLE OF EZH2 IN MALIGNANT TUMORS {#cas13655-sec-0004}
===================================

Aberrant epigenetic status is associated with the malignant transformation of normal cells in addition to gene mutations and gene abnormalities. Mutations and abnormal expression of PcG group genes are reported in various types of cancer such as melanoma, lymphoma, prostate cancer, ovarian cancer, and synovial sarcoma, suggesting that dysregulation of the PRC1/2 complexes is involved in carcinogenesis.[25](#cas13655-bib-0025){ref-type="ref"}, [26](#cas13655-bib-0026){ref-type="ref"}

Association of EZH2, a methyltransferase of H3K27, with carcinogenesis has been studied in PcG genes.[27](#cas13655-bib-0027){ref-type="ref"} High expression of EZH2 is associated with tumor aggressiveness in several cancers (Table [1](#cas13655-tbl-0001){ref-type="table"}).[28](#cas13655-bib-0028){ref-type="ref"} In hematological malignancies, EZH2 is overexpressed in AML, multiple myeloma (MM), and B‐ and T‐cell lymphomas. High expression of EZH2 in MM is associated with poor patient outcomes and high‐risk disease features, and pharmacological inhibition of EZH2 has anticancer effects in MM cell lines.[33](#cas13655-bib-0033){ref-type="ref"}, [34](#cas13655-bib-0034){ref-type="ref"} In contrast, monoallelic gain‐of‐function mutations in tyrosine residue 641 of the SET domain in EZH2 are reported in diffuse large B‐cell lymphoma (DLBCL) and follicular lymphoma (FL).[35](#cas13655-bib-0035){ref-type="ref"} Mutations in alanine residue 677 are also observed in DLBCL.[36](#cas13655-bib-0036){ref-type="ref"} These gain‐of‐function mutations result in a higher efficiency of mono‐ to di‐ and di‐ to tri‐methylation than that of the wild‐type enzyme.[37](#cas13655-bib-0037){ref-type="ref"} Furthermore, EZH2 gain‐of‐function mutations contribute to the widespread redistribution of H3K27me3, inducing not only persistent transcriptional repression but also increased transcription at many loci.[53](#cas13655-bib-0053){ref-type="ref"} These results suggest that activation of EZH2 contributes to malignant transformation and that EZH2 plays an oncogenic role in many malignant tumors.

###### 

Aberrant expression of EZH2 in cancers

  Types of cancer    EZH2 status                                  References
  ------------------ -------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------
  AML                Overexpression                               [29](#cas13655-bib-0029){ref-type="ref"}
  B‐NHL, ATL         Overexpression                               [30](#cas13655-bib-0030){ref-type="ref"}, [31](#cas13655-bib-0031){ref-type="ref"}, [32](#cas13655-bib-0032){ref-type="ref"}
  MM                 Overexpression                               [33](#cas13655-bib-0033){ref-type="ref"}, [34](#cas13655-bib-0034){ref-type="ref"}
  FL, DLBCL          Gain‐of‐function mutation (Tyr641, Ala677)   [35](#cas13655-bib-0035){ref-type="ref"}, [36](#cas13655-bib-0036){ref-type="ref"}, [37](#cas13655-bib-0037){ref-type="ref"}
  T‐ALL, ETP‐ALL     Loss‐of‐function mutation                    [38](#cas13655-bib-0038){ref-type="ref"}, [39](#cas13655-bib-0039){ref-type="ref"}
  MDS, MDS/MPN, MF   Loss‐of‐function mutation                    [40](#cas13655-bib-0040){ref-type="ref"}, [41](#cas13655-bib-0041){ref-type="ref"}
  Melanoma           Overexpression                               [42](#cas13655-bib-0042){ref-type="ref"}, [43](#cas13655-bib-0043){ref-type="ref"}
  Prostate           Overexpression                               [44](#cas13655-bib-0044){ref-type="ref"}, [45](#cas13655-bib-0045){ref-type="ref"}
  Ovarian            Overexpression                               [46](#cas13655-bib-0046){ref-type="ref"}, [47](#cas13655-bib-0047){ref-type="ref"}
  Lung               Overexpression                               [48](#cas13655-bib-0048){ref-type="ref"}, [49](#cas13655-bib-0049){ref-type="ref"}, [50](#cas13655-bib-0050){ref-type="ref"}
  Synovial sarcoma   Overexpression                               [51](#cas13655-bib-0051){ref-type="ref"}, [52](#cas13655-bib-0052){ref-type="ref"}

AML, acute myeloid leukemia; ATL, adult T‐cell leukemia/lymphoma; B‐NHL, B‐cell non‐Hodgkin lymphomas; DLBCL, diffuse large B‐cell lymphoma; ETP‐ALL, early T‐cell precursor acute lymphoblastic leukemia; EZH2, enhancer of zeste homolog 2; FL, follicular lymphoma; MDS, myelodysplastic syndrome; MDS/MPN, myelodysplastic syndrome/myeloproliferative neoplasm; MF, myelofibrosis; MM, multiple myeloma; T‐ALL, T‐cell acute lymphoblastic leukemia.
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EZH2 loss‐of‐function mutations or deletions are also detected in various hematological malignancies including T‐cell acute lymphoblastic leukemia, myelodysplastic syndrome (MDS), myelodysplastic syndrome/myeloproliferative neoplasm (MDS/MPN), and myelofibrosis.[38](#cas13655-bib-0038){ref-type="ref"}, [40](#cas13655-bib-0040){ref-type="ref"}, [41](#cas13655-bib-0041){ref-type="ref"}, [54](#cas13655-bib-0054){ref-type="ref"}, [55](#cas13655-bib-0055){ref-type="ref"} Loss‐of‐function mutations are associated with poor outcomes in these tumors,[40](#cas13655-bib-0040){ref-type="ref"}, [41](#cas13655-bib-0041){ref-type="ref"}, [54](#cas13655-bib-0054){ref-type="ref"}, [56](#cas13655-bib-0056){ref-type="ref"} suggesting that dysfunction of PRC2 promotes tumor progression. Taken together, these findings support the dual function of EZH2 as oncogene and tumor suppressor gene.

5. ROLE OF EZH1 IN HEMATOLOGICAL MALIGNANCIES AND TARGETING THERAPY AGAINST EZH1/2 {#cas13655-sec-0005}
==================================================================================

Enhancer of zeste homolog 2 plays an oncogenic role, especially in lymphoma and AML. A transgenic mouse model with a combination of *Myc* and *EZH2* ^*Y641F*^ showed accelerated lymphoma development.[57](#cas13655-bib-0057){ref-type="ref"} *EZH2* deletion inhibits tumor progression concomitant with the induction of differentiation programs in mixed lineage leukemia (MLL)‐AF9 fusion AML mice, suggesting that EZH2 is important for leukemogenesis.[58](#cas13655-bib-0058){ref-type="ref"}, [59](#cas13655-bib-0059){ref-type="ref"} These studies identify EZH2 as a potential therapeutic target, and several EZH2 inhibitors, which are highly selective for the methyltransferase activity of EZH2, have been developed to target the oncogenic function of EZH2 (Table [2](#cas13655-tbl-0002){ref-type="table"}).

###### 

Overview of preclinical and clinical studies with selective EZH1/2 or EZH2 inhibitors in hematological malignancies

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Agent              Target             Types of cancer            Status        Clinical study (NCT\#)   Preclinical reference(s)
  ------------------ ------------------ -------------------------- ------------- ------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  El1                EZH2               DLBCL                      Preclinical                            [60](#cas13655-bib-0060){ref-type="ref"}

  GSK2816126         EZH2               Non‐Hodgkin lymphoma, MM   Phase 1       NCT02082977              [61](#cas13655-bib-0061){ref-type="ref"}, [62](#cas13655-bib-0062){ref-type="ref"}

  EPZ‐6438           EZH2               B‐cell lymphomas\          Phase 1\      NCT01897571\             [63](#cas13655-bib-0063){ref-type="ref"}, [64](#cas13655-bib-0064){ref-type="ref"}
                                        DLBCL, FL                  Phase 2       NCT01897571              

  CPI‐1205           EZH2               B‐cell lymphomas           Phase 1       NCT02395601              [65](#cas13655-bib-0065){ref-type="ref"}, [66](#cas13655-bib-0066){ref-type="ref"}

  UNC1999            EZH1/2             DLBCL, AML, MM             Preclinical                            [33](#cas13655-bib-0033){ref-type="ref"}, [67](#cas13655-bib-0067){ref-type="ref"}, [68](#cas13655-bib-0068){ref-type="ref"}, [69](#cas13655-bib-0069){ref-type="ref"}

  DS‐3201b           EZH1/2             Non‐Hodgkin lymphoma\      Phase 1\      NCT02732275\             [70](#cas13655-bib-0070){ref-type="ref"}, [71](#cas13655-bib-0071){ref-type="ref"}
                                        AML, ALL                   Phase 1       NCT03110354              

  SAH‐EZH2 peptide   EZH2‐EED complex   AML                        Preclinical                            [72](#cas13655-bib-0072){ref-type="ref"}
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ALL, acute lymphoblastic leukemia; DLBCL, diffuse large B‐cell lymphoma; EZH1/2, enhancer of zeste homolog 1 and 2; FL, follicular lymphoma; MM, multiple myeloma; NCT, National Clinical Trial.
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EZH2 inhibitors show a strong growth inhibitory effect in EZH2‐mutated lymphoma cell lines and xenograft models.[61](#cas13655-bib-0061){ref-type="ref"}, [63](#cas13655-bib-0063){ref-type="ref"}, [73](#cas13655-bib-0073){ref-type="ref"} Preclinical and clinical trials evaluating EZH2 inhibition are currently underway mainly in lymphoma. However, inactivation of EZH2 alone is not sufficient to impair MLL‐rearranged AML, and complete disruption of PRC2 is required.[58](#cas13655-bib-0058){ref-type="ref"} UNC1999, an EZH1/2 dual inhibitor, impairs the proliferation of MLL‐rearranged leukemia cells in vitro and in vivo.[67](#cas13655-bib-0067){ref-type="ref"} This indicates that leukemia stem cells (LSC), which are responsible for drug resistance and relapse of AML, are dependent not only on EZH2, as remaining EZH1 activity is sufficient for the self‐renewal activity of LSC, despite the fact that EZH1 only partially compensates for the loss of EZH2.[74](#cas13655-bib-0074){ref-type="ref"}, [75](#cas13655-bib-0075){ref-type="ref"}

Work from our group showed that quiescent LSC express the highest levels of Ezh1/2, and dual inactivation of Ezh1/2 eradicates quiescent LSC to cure AML in experiments comparing *Ezh1/2* dKO with *Ezh2* sKO mice.[70](#cas13655-bib-0070){ref-type="ref"} Furthermore, quiescent LSC are associated with PRC2‐mediated suppression of Cyclin D, and dual inactivation of Ezh1/2 induces cell cycle progression and differentiation in quiescent LSC (Figure [2](#cas13655-fig-0002){ref-type="fig"}). A novel EZH1/2 dual inhibitor, OR‐S1 is an orally bioavailable small molecule compound that inhibits the histone methyltransferase activity of both EZH1 and EZH2 strongly and selectively.[71](#cas13655-bib-0071){ref-type="ref"} OR‐S1 reduces the number of LSC, suppresses leukemia progression, and prolongs survival without serious side‐effects.[70](#cas13655-bib-0070){ref-type="ref"}, [71](#cas13655-bib-0071){ref-type="ref"} This drug, which induces differentiation and eradicates quiescent LSC, shows a synergistic effect on LSC with conventional chemotherapy agents, similar to the effect of all‐trans‐retinoic acid in acute promyelocytic leukemia. Thus, dual inhibition of EZH1/2 with an EZH1/2 dual inhibitor is effective for disrupting PRC2. Indeed, OR‐S1 suppresses H3K27me3 more potently in cells than UNC1999 and other EZH2 inhibitors.[71](#cas13655-bib-0071){ref-type="ref"} This drug is more effective than other selective EZH2 inhibitors in hematological cell lines including AML and acute lymphoblastic leukemia (ALL) cell lines harboring fusion genes, DLBCL cell lines with EZH2 gain‐of‐function mutations, and peripheral T‐cell lymphoma and MM cell lines.[71](#cas13655-bib-0071){ref-type="ref"} Clinical trials in patients with relapsed or refractory non‐Hodgkin lymphoma (NHL) and those with AML and ALL have started (NCT02732275, NCT03110354). Preliminary results of a phase 1 trial show that DS‐3201b (a derivative of OR‐S1) has early clinical activity and indicates the potential of this drug as a novel therapeutic option for patients with B‐cell and T‐cell lymphoma.[76](#cas13655-bib-0076){ref-type="ref"} Further investigation in AML, ALL, and NHL is currently being pursued.

![Schematic illustration of the proposed model by which dual inhibition of enhancer of zeste homolog 1 and 2 (EZH1/2) eradicates AML leukemia stem cells (LSC). Quiescent LSC show PRC2‐mediated suppression of Cyclin D. Both genetic deletion of *EZH1/2* and a novel EZH1/2 inhibitor induce cell cycle progression of quiescent LSC and differentiation to non‐quiescent LSC, resulting in eradication of quiescent LSC. These conditioned AML cells show a synergistic effect with conventional chemotherapy agents. PRC, polycomb repressive complexes](CAS-109-2342-g002){#cas13655-fig-0002}

6. DRUG RESISTANCE AND COMBINATION THERAPIES {#cas13655-sec-0006}
============================================

Cancer cells can escape the effect of drugs, and drug resistance has been reported for EZH2 inhibitors and other drugs.[26](#cas13655-bib-0026){ref-type="ref"} In an EZH2‐mutated lymphoma cell line model, the acquisition of resistance was related to secondary mutations (Y111L and Y661D) in both wild‐type and gain‐of‐function Y641N EZH2 alleles.[77](#cas13655-bib-0077){ref-type="ref"} These resistant cells maintained a high level of H3K27me3 in the presence of EZH2 inhibitors. In addition, loss of EZH2 and subsequent reduction of H3K27me3 may be a novel pathway of acquired resistance in AML against drugs such as tyrosine kinase inhibitors because of derepression of *HOX* genes.[78](#cas13655-bib-0078){ref-type="ref"} In contrast, PRC2 loss decreases the levels of H3K27me3 and contributes to H3K27 acetylation (ac), resulting in Ras signaling amplification in malignant peripheral nerve sheath tumors.[79](#cas13655-bib-0079){ref-type="ref"}, [80](#cas13655-bib-0080){ref-type="ref"} Combination treatment with a MEK inhibitor and BRD4 inhibitor impairs tumor progression by disrupting Ras signaling and BRD4‐H3K27ac interaction, respectively.[81](#cas13655-bib-0081){ref-type="ref"} These results may help the identification of combination therapies with EZH2 inhibitors. Potential approaches for combination studies have been proposed in various malignant tumors. In preclinical models of EZH2 mutant germinal center NHL cells, EPZ‐6438 in combination with a glucocorticoid receptor agonist showed a dramatic synergistic cell‐killing effect. This suggests that the combination of EPZ‐6438 and CHOP, which is the current standard of care for DLBCL, enhances the inhibition of proliferation in germinal center NHL.[82](#cas13655-bib-0082){ref-type="ref"} In addition, bortezomib combined with UNC1999 remarkably inhibits the growth of myeloma cells in vitro and in vivo because proteasome inhibitors also repress EZH2 transcription by suppressing the RB‐E2F pathway.[68](#cas13655-bib-0068){ref-type="ref"} AMP‐activated protein kinase (AMPK)‐mediated phosphorylation of EZH2 at T311 inhibits PRC2 oncogenic function by disrupting the interaction between EZH2 and SUZ12.[83](#cas13655-bib-0083){ref-type="ref"} This indicates that AMPK agonists could be a promising sensitizer for EZH2‐targeting drugs in anticancer treatment. Taken together, these studies provide evidence of resistance mechanisms and potential approaches for combination therapy, and further investigation is warranted.

7. CONCLUSIONS AND FUTURE PERSPECTIVES {#cas13655-sec-0007}
======================================

Polycomb group proteins play an important role in the maintenance of normal HSC. They have a dual function as oncogene and tumor suppressor gene in the process of tumorigenesis. Recent advances in epigenetic research have contributed to the design of new polycomb‐targeted drugs. However, despite the identification of molecular mechanisms underlying the anticancer effects of EZH1/2 and EZH2 inhibitors, many of the complex functions of PcG proteins remain to be clarified. It will be important to uncover the mechanism of resistance against polycomb‐targeted drugs, and to identify useful biomarkers for evaluating the effect of treatment and to stratify patients. Ongoing clinical trials will show whether targeting EZH1/2 is an effective treatment against various diseases, and these results will be of value for the development of epigenetic therapies.
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